It is significantly important to define brain death with greater precision in terms of timing and accuracy. While in the past determination of brain death is simply based on conventional angiography, now with major technological advances the Diffusion-weighted MRI is a new method sensitive to cerebral ischemia which gives on the molecular level the deeply ischemic nature of the changes. Its value in brain death has been shown in various studies. In our study, we did a comparative overview of diffusion-weighted imaging (DWI) with and magnetic resonance angiography (MRA) considering the contribution of ADC measurements from brain parenchyma, in the patients diagnosed with brain death by clinical criteria. We studied 16 brain deaths in serial studies, in which there is a prominent difference between the white and gray matter ADC values on diffusion MRI. In the postmortem brains, ADC values comparing with the normal brain parenchyma, were reduced 65% in white matter and 42% in gray matter. Also, the patients' ADC values of gray and white matter were significantly lower than those of irreversible brain-ischemia patients' in ADC values. In comparison to most of the other studies, in our study population studied is large, in which is a comprehensive study that results consistent with the literature. As a result we propose that in the definition of brain death Diffusion MRI and ADC measurements are reliable to show diffuse ishemic changes of brain parenchyma.
Introduction
Historically, it even takes places in the old writings that the brain is the first organ that will lose its viability after the death. Obtaining organs from donors after cardiac death was the approach that was generally followed in the 1960s and that approach did not allow for organs other than the liver and kidneys to be procured in most cases. With increasing demand of solid-organ transplantations, brain death criteria was established. Today, pathophysiological changes that leads irreversible loss of functioning of the whole brain is accepted as the sole criterion of brain death. Since 1968, a brain-based definition of death was proposed by Harvard Medical School and named as Harvard criteria [1] that became widely accepted. Various studies have been undertaken to determine which distinct signs are needed to call "brain death" on the basis of both clinical and confirmatory tests. Unlike the past, supportive testing is not required to help diagnosis in situations in which the clinical determination is inadequate. Today it is used to the diagnosis of brain death quicker.
MRI and MRA guidance for diagnosis of the brain death is used since the early 1990s. In the year 2000, first case report on diffusion-weighted imaging (DWI) in brain death by Lövblad and Bassetti was reported [2] . Following this report, limited number of studies were reported about the results of deep ischemia in the molecular level which were caused by functional and anatomical changes that led to brain death.
In our study, we evaluated the efficiency and diagnostic value of diffusion weighted MR in making the diagnosis of brain death.
Material and Method
The study was carried out between June 2007 and October 2013, sixteen brain death patients (male/female: 8/8; mean age: 37.37 ± 16.58 years) were evaluated with post mortem MRI and MRA methods. Apparent diffusion coefficient (ADC) values in the normal brain parenchyma were calculated in ten patients who were examined with cranial MRI for various reason without any known neural parenchymal pathology. We performed the study with 1.5T MR (Intera, Philips Medical Systems, Holland) with a head coil. MR compatible ventilation device was used in all cases, no contrast material.
Seven of sixteen comatose patients were brain trauma patients (two car and one motor vehicle accident, three accidental falling, one shotgun), three of them were spontaneous intracranial bleeding, one meningitis following MCA aneurysm operation, one large MCA infarction, one hypertension releated subarachnoid hemorrhage, one viral ensephalitis, one acute anterior myocardial enfarction, and one operated intracranial mass. Patients with their medical history, radiological signs, and clinical results are presented in Table 1 .
MR Imaging Method and Interpretation of Images
MRI examinations were performed with axial T2W, axial FLAIR, sagital T2W, and coronal T1W images, and 3D gradient echo arteriography. An additional sequence of DWI was performed at b values of 0 and 1000 s/mm 2 . The visual and quantitative results of ADC maps were obtained.
Single-shot echo-planar imaging (EPI) measurements supplied DWI and diffusion measurements were made using separately applied x, y, and z gradients. To minimize the effects of diffusion anisotrophy, the mean value of images obtained in the x, y, and z directions were automatically created by the device and trace (isotropic) images created.
First of all, conventional MR sequences and MRA images were evaluated. Interpretations of diffusionweighted images were done after region of interest (ROI) was determined.
The ADC values were calculated from the images between 0.81 -1.03 mm 2 pixel in volume. In ADC maping the measurements, were derived from multiplication wth 10 −3 mm 2 /sn according to Stejskal-Tanner formula. Since ADC can be falsely elevated by partial volume averaging of cerebrospinal fluid (CSF) with parenchyma, we paid attention to measure the field by excluding CSF. We considered the statement that ADC measurements of white matter are smaller when measured perpendicular to the main fiber direction than when measured in the direction of the fiber bundle [3] .
Statistical Analyses
We used SPSS 12.0.2 for statistical analysis. We used the descriptive statistical methods (mean, standard deviation, degrees of freedom) and the Independent-Samples Student T Test to compare sets of quantitative data. Re- 
Results
In our study, the Glasgow Coma Scale (GCS) scores of all patients were three. Clinically detected signs were; dilated or mid-dilated pupils, lack of response to light, absent corneal reflex, no response to painful stimuli, and lack of spontaneous respiratory efforts. In all patients we had a positive apnea test and excluded the conditions (metabolic disorders, drug intoxication, hypothermia, hypotension, etc.) that causes false positive results. MRI imaging of the brain performed in patients with clinical suspicion of the brain death within 3 -24 hours after apnea test was done. Conventional MRI sequences demonstrated generalized cerebral edema, tonsillar herniation, brainstem compression, and loss of intracranial signal void flows. Subfalcine herniation ranging 3 -10 mm was seen in seven patients and also intraparenchymal hematoma, subarachnoid hemorrhage (SAH), parenchymal contusion like conditions related with coma situation.
In ten patients absence of blood flow in bilateral internal carotid arteries (ICA) and vertebral arteries were demonstrated and intracranial vascular structures. In two patients, there were retrograde flow through the ophthalmic artery and filiform drop in the cervical segment of ICA but intracranial vascular structures could not be evaluated. The absence of flow above the level of the supraclinoid portion of the internal carotid artery and in the vertebral artery where vertebral arteries enter the dura mater have been already accepted as the definitions in the diagnosis of brain death together with retrograde flow through the ophtalmic artery [4] . In two patients MRI were compatible with the absence of intracranial blood flow. In four patients we demonstrated filiform waves through the proximal parts of middle cerebral artery (MCA), anterior cerebral artery (ACA) or the basillary artery and the absence of intraparenchymal flow at the control MRI within the 12 -24 hours. All patients had blood flow through external carotid artery and its the segments.
In one patient having SAH and intraparenchymal hematoma, we revealed the whole normal intra and extra cranial flow in the MRI, six days before the happening of clinical brain death. We observed the absence of intracranial flow in the MRI when the GCS droped to 3 points and there was suspicion of the brain death in the same patient.
In diffusion weighted MRI, we found diffuse hyperintensity of cerebral and cerebellar parenchyma, decrease in ADC values in ADC mapping and increased distiction between gray-white matter of brain. We obtained separate twenty ADC values from each white and gray matter of five lobes of brain symmetrically, bilateral basal ganglions and cerebellums both in the ten control subject and in the sixteen patients of brain death.
ADC values of normal brain were as follows: in white matter 0. Figure 3) . In these group patients the decrease in ADC values of white matter, cerebellar parenchyma and gray matter were also statistically significant when compared with normal parenchyma (Table 2 and Figure 3) .
While there is statistically significant difference between normal paranchyma with patients having no flow or filiform flow, there is no statistically significant difference between patients with absent cerebral blood flow and patients with filiform flow (Figure 3) .
There was no significant difference between the two patient population for ADC values of both white matter and gray matter (p > 0.005). Also, when the patients evaluated separately ADC values of cerebellar region, gray and white matter of brain parenchyma in two of four patients with intracranial blood flow were compatible with the patients lacking intracranial blood flow. Only difference between the groups was in the other two patients with intracranial blood flow in which ADC values of cerebellar region and white matter brain parenchyma were compatible, while the ADC values of gray matter was minimally increased. In our study, the mean ADC values of the brain in dead patients were compared with normal controls of physiological ADC values of unaffected brain tissue. As a result, significant decrease of the mean ADC values observed 65% in white matter and 42% in gray matter and 45% in cerebellar parenchyma.
Sixteen patients in our study diagnosed as brain death by a committee of a cardiologist, a neurosurgeon, a neurologist, and an anesthesiologist after MRA and cranial MR evaluation. The organs of three brain death patients were donated for transplantation. In spite of intensive care unit support, the eight of the other thirteen patients had circulatory arrest following 48 hours and in five at 4 -8 days.
In addition, MRI demonstrated tonsillar herniation, brain stem compression, brain edema, the absence of intracranial vascular flow voids in all patients diagnosed as brain death.
While intracranial vascular flow was absent in the twelve patients, in four of them there were filiformatous waves at the level of the willus circle which were disappeared in the following four hours. When we take in the consideration of the progressive nature of brain death and the studies in which intracranial blood flow void were observed [5] inspite of brain death, we decided to define those filiform waves that observed in four patients as residual waves.
It showed us that MRA is a noninvasive method which has high sensitivity and specifity to detect intracranial vascular flow.
Discussion
After recent advances in organ transplantation, there is a need to diagnose brain death with utmost accuracy and urgency. Early detection of brain death prevent the long-term follow-up in the intensive care unit and this can help organ donation before doubt of tissue viability. Confirmatory laboratory tests are done to exclude any condition that may confound clinical diagnosis of brain death. 
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Brain death confirmatory tests are grouped in two as follows; documenting the absence of electrical activity of brain and demonstrating the absence of intracerebral blood flow [6] . Tests assessing the brain electrical activity may result in false readings due to electronic background noise creating innumerable artifacts, drug-induced hypothermia, intoxication [7] - [9] .
Absence of intracranial blood flow is a valid sign for brain death [10] [11] . There are many studies published to evaluate intracranial flow; these studies depend on conventional angiography [12] , Tc-99m-HMPAO radionuclides angiofraphy [11] - [13] , transcranial Doppler [14] , CT angiography [15] , PET [16] , MR spectroscopy [17] , MR, and Diffusion-weighted MR [2] .
Until the 1990s conventional angiography was considered the gold standard in the diagnosis of brain death examination [9] [15] [18] . It is an invasive method and due to its potential complications (e.g. pressure induced-contrast meterial would damage current veins in which the blood flow is completely interrupted or contrast medium may introduce any damage to candidate organs for donor trasplant), it is rarely used [9] [19] . Also position of the head in the prone position during angiography and contrast injection flow velocity of bolus injection can cause artifacts [6] .
Radionuclide angiography is indicated as an ideal aid in determining brain death testing in many studies [20] [21] . This noninvasive method gives results which are also compatible with the cerebral angiography [22] . Especially, if combined with single-photon emission computed tomography (SPECT), 99 m. Tc-Exametazime (HMPAO) became an important tool for use in the setting of brain death evaluation due to better demonstration of the posterior fossa [23] .
Transcranial Doppler ultrasonography (TDU) is a portable, non-invasive and relatively simple applied method. However TDU requires sufficient knowledge and experience. Head structure prevents the application of TDU in 20% of patients [24] . Many researchers published the false positive and negative findings [19] [25] . Based on all these reasons TDU does not have sufficient accuracy and precision among the other tests used for diagnosis of brain death.
Even though cerebral blood flow ceasetion is the most important criteria for the diagnosis, the other tests could detect the structural changes in the brain and are more reliable in terms of determining the etiopathology. Therefore, CT and MR imaging have major roles in neuroimaging. BT is an easily accessible method that can be applied quickly and easier at evaluation. BT findings like diffuse brain edema, herniation and the loss of intracranial contrast enhancement are confirmatory. Dominguez Roldan et al. concluded that two signs on NCCT were significantly associated with brain death [26] . These were midline shift of greater than 10 mm and compression of the ambient cistern. In our study however, when brain death is diagnosed there was subfalcine herniation ranging 3 -10 mm in seven patients and tonsillar herniation in all patients. This shows that the main finding at CT in brain death is the tonsillar herniation causing compression of the brainstem.
CT angiography (CTA) and CT perfusion (CTP) application is a natural extension of the CT imaging techniques for the evaluation of brain death. Both techniques are possible with modern multi-detector helical CT scanner and easy to implement. According to Widjicks [27] CTA assists in determining brain death as an useful test and has been accepted in all European countries and in many non-European countries. Although it is not portable, it is a very effective method which carry less risk compared to DSA [28] . However, due to the use of iodinated contrast media, it carries the risk of tissue damage.
Neurological MR imaging has a revolutionary place and has been used for examination of each type of neuropathological conditions. MRI has already been shown to demonstrate phenomena such as the absence of flow voids in the internal carotid arteries, as well as absence of cerebral perfusion and increased enhancement of facial structures (e.g., the "hot nose sign"). Orrison et al. [29] published the MR criterias of brain death as follows: transtentorial herniation and foramen magnum herniation, absent intracranial vascular flow voids, poor differentiation between gray and white matter, absent intracranial enhancement, carotid artery enhancement, and the hot nose sign. In our study, in all patients that brain death occurred, diffuse brain edema, gray-white matter differentiation loss, tonsillar herniation, brain stem compression and flow absence in the vascular structures have been found with cranial MRI examination.
MRI is referred as a precise, non-invasive, reliable test to demonstrate the absence of intracranial flow at many publications [7] [30] . The greatest advantage of MRA is that no contrast agent is used and so there is no risk of end organ damage. Therefore, unlike other angiographic tests, it can be repeated in case of necessity. One of the concerns that is discussed for MRA is its low sensitivity against the slow blood flow [30] . This can lead to misinterpretations by mimicking complete occlusion [31] . However Karantanas et al. [32] demonstrated intra-cranial arterial circulation in 10 patients with severe closed head trauma which do not meet the clinical criteria for brain death and loss of intracranial arterial circulation in 20 patients with clinical diagnosis of brain death. Consequently, 20 patients without intracranial blood flow had been all dead. In this study marked differences on MRI findings between comatose control patients and patients with brain death, shows high sensitivity and specificity of this technique. In our study, we demonstrate complete disappearance of intracranial arterial circulation in twelve patients who are clinically diagnosed as brain death by MRI method. In addition, we observed disappearance of fliform waves that occured on MCA, ACA or basilar artery at subsequent controls of four patients. All cases except three patients for transplantation with donor support resulted in death despite of intensive care help. As a result of these findings in our study we believe that MRA has high sensitivity to show slow blood flow.
Diffusion-weighted MR has come up in the diagnosis of brain death in recent years. Only a few results obtained with some works are available on this subject in the literature. Diffusion MR is a special sequence essentially based on the molecular motion of water in tissue and thereby provides information about the integrity of the tissue. T2-weighted imaging shows brain swelling and brain edema but does not discriminate the cytotoxic and vasogenic edema. Diffusion-weighted MRI shows that the edema is of a cytotoxic nature and therefore corresponds not only to edema but also to ischemic tissue. ADC mapping helps to establish the nature of the disease since it rules out the presence of T2-weighted changes in the generation of the high signal seen on DWI (the socalled T2 shine-through effect) [33] . While diffusion MRI is thought to show irreversible damage on neural parenchyma, angiography shows only interrupted blood flow. ADC values in tissues are an indicator of pathopysiology on the molecular level the deeply ischemic nature of the changes.
In different studies ADC values of the neural parenchyma and normal age-related changes in ADC values have been investigated [34] [35] . Studies suggest that water diffusion at neural parenchyma depends on the age. Tanner [42] . Common mechanism mechanism is the instantaneous water passage from the extracellular compartment to the intracellular compartment. As a consequence the decrease in intracellular water movement or the increased viscosity of intracellular compartment is a possible explanation for the decrease in ADC values.
For ischemic stroke, Schlaug et al. [43] found an approximate drop in the ADC of 41.7%, corresponding to previous animal results of 30% to 60% decreases (39) .
In the literature, DWI was first used by Lovblad first et al. [2] . In this study, ADC values were between 35% and 72% (mean value, 57%) of normal expected values by numerous measurements of cerebral and cerebellar parenchyma. Nakahara et al. studied [44] four deeply comatose patients with severe brain injury. One of their patients was diagnosed as clinically brain dead, and the patient's ADC values of gray and white matter were significantly lower than those of three other brain-injured patients. In addition, the ADC value of white matter was significantly lower than that of gray matter. Besides, Lovblad and Nakahara et al. showed that ADC values of white matter significantly lower than gray matter. Kumada et al. declared that after brain death happened in comatose patient, ADC values were 30% -40% lower than those of normal measured before brain death [45] . Şener demonstrated on a patient with a diagnosis of brain death that ADC values decrease at the white matter and gray matter in a similar way and there was a significant difference between the ratio of white matter/gray matter ADC values [46] . At All these studies the same values were obtained, from brain death cases and white matter mean ADC values 0:18 to 12:39 × 10 −3 mm 2 /s, gray matter mean ADC values 0:34 to 12:54 × 10 −3 mm were reported. In our study, ADCs findings were obtained from the brain death patients we found white matter ADC mean as 0.257 × 10 −3 mm 2 /s, gray matter mean as 0.498 × 10 −3 mm 2 /s and values are similar to earlier studies. Thus, we found an average decline in ADC values average of 65% in the white matter and in gray matter, of 42% according to normal parenchyma.
It is believed that the differences of ADC values between gray and white matter in the brain death is caused by differences in histological tissue. This suggests that situations that restrict the movement of water in white matter were more serious than in the cortex at 12 hours postmortem and swollen cortical tissue allows movement of water molecules relatively in a weak position. On the other hand patients with acute infarction on vascular ground have white matter and cortex that is known to be in a similar manner [47] .
That is still being debated topic that whether the decline in the value of ADC points to the irreversible brain damage or not. In animal models and human studies of ischemia there are a few reports on normalization of initial diffusion restriction [48] [49] . On the other hand Mıysaka et al. [50] reported that there wasn't any histological normalization and neuronal destruction was irreversible in the recovery phase of the ADC. Hassankhani et al. had found in their studies that the ADC ratio of reversible part was 0.8 -1.1 when compared with the normal side, while the rate of ADC at irreversible sections was at lower values of 0.66 -0.96 [51] . Schaefer et al. on a study conducted at patients who had acute anterior circulation occlusion and two shots of intra-arterial thrombolytic therapy pointed out that an infarct had developed on the follow-up MRI at the areas of less than the starting ADC value 0.58 × 10 −3 mm 2 /s and ADC ratio 0.80 × 10 −3 mm 2 /s. Besides they had not seen any abnormalities on the follow-up MRI at the areas of higher than the ADC value 0.80 × 10 −3 mm 2 /s and ADC ratio 0.96 [52] . As well as our study and previous studies showed that declines of ADC values are more evident in the neural parenchyma at brain death (ADC values of patients in our study were at ratio of 0.34 in the white matter, 0.55 in gray matter when compared with normal parenchyma).
Conclusions
The ADC maps are useful techniques for recognition of global irreversible brain damage and providing additional information of severe brain-damaged patients with respect to clinical outcomes.
MRI can detect and explain underlying pathology causing brain death. Also MRA is a noninvasive method which has high sensitivity and specifity to detect intracranial vascular flow.
